The effect of increasing temperature is shown by the higher temperature isotherms T2 anu T¡. As the temperature rises, the miscibility gap tends to narrow, accompanied by a consequent reduction in the plateau length. Fig. 4 .
inant character of the hydrogen bond and is somewhat equivocal since no one compound exhibits purely one type of bonding. Unlike the ionic and metallic hydrides, the covalent hydrides can be eliminated from consideration because they cannot be formed by the direct reaction of hydrogen with the metal except under very special conditions. The ionic hydrides, with the possible exception of magnesium hydride, are too stable for use in practical hydrogen storage systems and it is the primarily metallic hydrides which are of interest. Unfortunately, despite the fact that most elemental metals will react directly and reversibly with hydrogen, only magnesium hydride (MgH2) and possibly vanadium hydride (VH2) could be useful from an energy storage point of view; all of the others can be eliminated for reasons of cost and/or stability. However, it has been shown that many alloys or intermetallic compounds will react directly and reversibly with hydrogen to form distinct hydride phases which, in many cases, have properties that are quite different than those of the binary hydrides of the individual alloy components. Indeed, most of the recent work concerned with hydrogen storage compounds has been focused on ternary hydrides formed by such reactions. Thus, it is appropriate to state three general rules which these systems obey [21] : 1. In order for an intermetallic compound to react directly and reversibly with hydrogen to form a distinct hydride phase, it is necessary that at least one of the metal components be capable of reacting directly and reversibly with hydrogen to form a stable binary hydride. 2 . If a reaction takes place at a temperature at which the metal atoms are mobile, the system will assume its most favored thermodynamic configuration. 3 . If the metal atoms are not mobile (as is the case in low temperature reactions), only hydride phases can result which are structurally very similar to the starting intermetallic compound.
Rule 1 is purely empirical and is based on experimental observation [2, 3] . The latter two rules are firmly based on established thermodynamic and structural principles. They are, obviously, not new concepts. They refer to two temperature dependent variables, the free energy and the metal atom diffusion rate, either of which may be the dominant factor in system behavior. We believe the explicit statement of these rules to be quite useful. Their application will be illustrated where appropriate in this review.
At this point we wish to briefly discuss two empirical hypotheses which have been quite helpful in predicting the behavior of alloy hydrides. The first hypothesis is based on a model originally devised by Miedema to predict the heat of formation of alloys and intermetallic compounds [4] and is commonly referred to as the rule of reversed stability [5] . For a detailed exposition, the reader is referred to the literature cited ; here we (1) where A and are metals and A is a stable hydride former. The theory has been quite successful when applied to systems involving the rare earth-transition metal intermetallic compounds, but has been less successful with systems involving Ti alloy hydrides [6, 29] . The second hypothesis, which has been quite helpful in predicting the trend in AGf (plateau region) for a homologous series of alloy hydrides, consists of a correlation of AGf with the volume of the interstitial site which the hydrogen atom occupies. This correlation is based on the thesis that as the volume of the interstitial site increases, the more readily it will accommodate the hydrogen atom [7] , i.e., AGf will become more negative. A number of investigators have experimentally noted this effect and it has been recently extended and exploited to prepare complex alloy hydrides having predictable and desirable temperature-pressure characteristics for specific applications [8, 9] . There is one further general consideration which should be addressed. In the present context, the most important technical characteristic of any metal-hydrogen system is the interrelationship of its associated pressuretemperature-composition properties. These properties are conveniently summarized in a P-T-C diagram of which an idealized version is shown in Fig. 1 The effect of increasing temperature is shown by the higher temperature isotherms T2 anu T¡. As the temperature rises, the miscibility gap tends to narrow, accompanied by a consequent reduction in the plateau length. [11] . A mixed phase isotherm is shown in Fig. 3 .
It is rather interesting to note that the disproportionation of Mg2Ni, as shown below, is as equally favored as reaction (3) Fig. 4 .
The rate of decomposition of iron titanium hydride at near room temperature has been reported [13] . The reaction is very rapid and special care must be taken to assure isothermal conditions. The decomposition of FeTiH! o obeys first order kinetics and the rate constants are listed below.
Lindner [17] has used these data to construct a model in which diffusion of hydrogen out of the hydride phase is the rate determining step.
This system is quite sensitive to changes in composition or the presence of contaminants. Its effective storage capacity is adversely affected by the presence of oxygen which is apparently due to the formation of an inactive oxide phase of the approximate composition Fe7Ti10O3 [18] .
As with many other alloy hydrides, the P-C-T properties of the system can be modified by the addition or substitution of another transition [19] . One particular ternary alloy is of interest, TiFexMnj, [20] . With small amounts of Mn the activation of the alloy can be carried out at room temperature, whereas FeTi requires outgassing at~300°C, as illustrated in Table 5 . It should also be noted that the P-C isotherms [27] . The Ti -Cr alloy system exhibits one intermetallic compound TiCr2, of which there are two temperature-dependent allotropes [28] . Both are Laves phases, the low temperature form having the cubic MgCu2 (C15) structure, while the high temperature form has the hexagonal MgZn2 (C14) structure. Both forms will react with hydrogen to form hydride phases, but only the TiCr2 (C15)-H system has been defined [29] .
At The product of reaction (13) represents the highest hydrogen content of the solid phase observed to date.
A P-C-diagram for the system is shown in Fig. 6 . Thermodynamic values derived from these data are given in Fig. 7 , in which Mn has been substituted in part for Cr [30] .
Finally [3] for this system is shown in Fig. 8 Fig. 9 . Gruen et al. [9] have taken a similar approach, but use the change in lattice parameter rather than interstitial hole size as the measure. They were concerned in formulating an alloy hydride which would have optimum P-T-C properties for a heat pump application. Sandrock [32] has carried out similar investigations but with the objective of producing low cost hydrogen storage alloys rather than a unique alloy-hydrogen system having optimized properties for a particular application. insufficient, the latent heat of decomposition will be supplied from the sensible heat of the surroundings, consequently, the bed will progressively cool and the H2 flow will decrease until a balance is struck be- Table 8 .
U.C. Automotive
The use of catalyzed MgH2 as an automotive hydrogen fuel storage compound was suggested by Hoffman et al. [33] [34] . There is a distinct advantage to such a system; it is a compromise which should eventually result in the optimum mobile storage system. The reason for this is the waste heat in conventional automotive engines is not generated at a sufficient rate or quality to decompose the Mg alloy hydride at the rate required to satisfy engine fuel demand. The shortfall is made up by generating some hydrogen from the FeTi alloy bed using plentiful, low quality, waste heat. The compromise consists of using both beds in such a way that sufficient high quality heat is available for the Mg bed and the remaining heat is used for the FeTi bed. Such a system appears to have the potential of storing up to 5 wt. % H2.
Nevertheless, despite its promise, complete substitution of hydrogen for gasoline can only be considered as a long-term option because of the massive investment which would be required for its production and distribution. However, there are certain short-term applications where such a constraint would not operate. One particularly attractive possibility would involve hydrogen-powered fleet vehicles serviced by central garages. Such vehicles, because of the almost zero pollution characteristics of hydrogen fuel, would be very desirable in congested urban or industrialized areas. In fact, the two buses listed in Table 10 [37] . In view of these data, Reilly et al. [36] proposed a vehicle capable of using both hydrogen and gasoline alternately which would be a desirable compromise for the intermediate term (Fig. 11 ). An alternate design would incorporate the ability of burning gasoline and hydrogen simultaneously. Hoehn et al. [38] have shown that the inclusion of hydrogen into the gasoline feed stream increases the thermal efficiency of fuel mixture substantially when compared to gasoline alone. Recently, Büchner, and Saufferer have reported the conversion of a passenger vehicle to such hybrid operation ; the vehicle is currently undergoing tests [34] .
III.C. Utility Load Leveling
The storage of electrical energy through the production, storage and reconversion of hydrogen is of interest as a load leveling technique for electric utilities [39] . The Fig. 12 . Hydrogen is produced electrolytically, compressed from 5 -25 atm. and stored as iron titanium hydride. Subsequently, the hydride is decomposed to provide hydrogen fuel to a fuel cell. In practice hydrogen would be produced using off-peak power, stored and then reconverted to electricity to satisfy on-peak loads. The hydrogen storage reservoir contained 400 kg of a ferrotitanium alloy and had an effective storage capacity of 6.4 kg of hydrogen. It was designed to operate through a complete sorption-desorption cycle once a day. In the Sorption mode, heat was removed by circulating cold water (17°C) through an internal heat exchanger; for the reverse, desorption reaction, heat was supplied by circulating~4 5°C water through the exchanger. The system has undergone about 60 full sorption-desorption cycles without difficulty [40] .
While the use of iron titanium hydride in such a system as described above has been proven feasible, it is also apparent that its properties are not ideal for full scale peak shaving systems. The reference design [ 41] IV.C. Thermal Storage The first heat storage system involving a metal hydride was proposed by Winsche [42] . Heat derived from a low level radioactive isotope was used to slowly decompose MgH2 (catalyzed) over a relatively long period of time. During this "charging" period the hydrogen product was stored as iron titanium hydride. The heat of formation of the latter was rejected to the surroundings. In the "discharge" mode the reactions were reversed, iron titanium hydride was decomposed using ambient heat and MgH2 was regenerated at an elevated temperature ( > 300°C ). The heat evolved in this step was used to produce high quality steam which performed work.
A scheme coupling solar energy with a metal hydride thermal storage system was suggested by Libowitz [43] . Solar heat is used to decompose FeTiHx, or a similar hydride, at an elevated temperature and the hydrogen stored as a pressurized gas. In order to release the stored energy, the pressurized hydrogen gas is permitted to react with the previously dehydrided alloy at a lower temperature. Unfortunately, at the present time it does not appear, as later pointed out by Libowitz [44] [45] where the storage of high quality heat is concerned. In this case, magnesium can be used which is relatively cheap and has an effective hydrogen storage capacity several times that of any unstable alloy hydride (Table 8) . It is rather interesting that in this context the relatively high heat of formation and stability of MgH2 are assets rather than liabilities. Thus, a thermal storage process has been proposed, using MgH2, for electric utilities [21] . The [47] for laboratory use and is still in operation. The pumping action was obtained by the alternate decomposition and reformation of VH2 using hot (50°C) and cold (18°C) water. A more sophisticated and higher capacity compressor has recently been built using LaN^H^a nd its operation is described by Van Mai [48] .
An interesting variant has been suggested by Powell et al. [49] who are concerned with highly efficient power conversion systems. It is based on using a low temperature heat source in combination with a high temperature heat source in a closed Brayton cycle where hot compressed gas is expanded through a turbine. The novel feature of the system is the use of an unstable hydride and low temperature heat to effect the compression of the gas, thereby eliminating mechanical compressor work and substantially increasing the efficiency of the use of the high temperature heat.
In many cases there may be quite large differences in thermodynamic stability between the protides, deutendes and tritides of a given metal or alloy. Wiswall and Reilly [50] X.C. Safety All chemical fuels are inherently hazardous. The extent of the hazard depends upon the fuel properties, e.g., coal is much less hazardous than liquefied natural gas, the properties of liquid hydrogen would forbid its use as an ordinary; common, fuel even though in high technology applications large amounts have been handled without incident. On the other hand, low pressure hydrogen gas is relatively safe; in fact, "town gas", which was a major fuel in many large cities in the past, contained about 50 volume % hydrogen. With respect to metal hydrides, a number of safety-related studies have been carried out [57] [58] [59] [60] [61] . Most were concerned with the ignition of these materials in air and these results are summarized in Table 13 . In addition to these standard tests, Woolley [62] reports several involving the 
